Bent HgI2 Molecules in the Melt and Sulfide Glasses: Implications for Nonlinear Optics by KASSEM, Mohammad et al.
HAL Id: hal-02177797
https://hal-univ-rennes1.archives-ouvertes.fr/hal-02177797
Submitted on 10 Sep 2019
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Bent HgI2 Molecules in the Melt and Sulfide Glasses:
Implications for Nonlinear Optics
Mohammad Kassem, Maria Bokova, Andrey S. Tverjanovich, Daniele
Fontanari, David Le Coq, Anton Sokolov, Pascal Masselin, Shinji Kohara,
Takeshi Usuki, Alex C. Hannon, et al.
To cite this version:
Mohammad Kassem, Maria Bokova, Andrey S. Tverjanovich, Daniele Fontanari, David Le Coq,
et al.. Bent HgI2 Molecules in the Melt and Sulfide Glasses: Implications for Nonlinear
Optics. Chemistry of Materials, American Chemical Society, 2019, 31 (11), pp.4103-4112.
￿10.1021/acs.chemmater.9b00860￿. ￿hal-02177797￿
1 
Bent HgI2 Molecules in the Melt and Sulfide Glasses: Implications for Non-Linear Optics Mohammad Kassem,a Maria Bokova,a Andrey S. Tverjanovich,b Daniele Fontanari,a David Le Coq,c Anton Sokolov,a Pascal Masselin,a Shinji Kohara,d Takeshi Usuki,e Alex C. Hannon,f Chris J. Benmore,g and Eugene Bychkov*a 
a Laboratoire de Physico-Chimie de l’Atmosphère, Université du Littoral Côte d’Opale, 59140 Dunkerque, France 
b Department of Chemistry, St. Petersburg State University, 199004 St. Petersburg, Russia 
c Univ Rennes, CNRS, ISCR (Institut des Sciences Chimiques de Rennes) – UMR 6226, F-35000 Rennes, France 
d Synchrotron X-ray Group, Light/Quantum Beam Field Research Center for Advanced Measurement and 
Characterization, NIMS, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5148, Japan 
e Faculty of Science, Yamagata University, Yamagata 990-8560, Japan 
f ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, OX11 0QX, United Kingdom 
g X-ray Science Division, Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, United States 
ABSTRACT Non-linear optical (NLO) crystals are widely used in advanced photonic technologies for second harmonic and difference frequency generation (SHG and DFG, respectively), producing coherent light at frequencies where existing lasers are unavailable.  Isotropic glasses do not exhibit SHG or DFG, except temporary induced anisotropy under external stimuli.  However, recent reports on glasses with chiral structural motifs show promising permanent NLO properties.  We propose an alternative solution: hybrid molecular/network glasses with non-centrosymmetric HgI2 monomers.  Mercury (II) iodide consists of linear HgI2 triatomic molecules in the vapor phase and in the yellow orthorhombic polymorph stable above 400 K.  At lower temperatures, the tetragonal red form is composed of corner-sharing HgI4/2 tetrahedra forming a layered extended framework.  There is a gap in the molecular evolution; direct structural measurements of the liquid HgI2 phase are missing.  Using high-energy X-ray scattering, pulsed neutron diffraction and Raman spectroscopy supported by structural and vibrational modeling, we show that the mercury (II) iodide melt and HgI2-containing sulfide glasses are built-up by bent HgI2 monomers 
(the bond angle ∠I-Hg-I = 156±2° in the melt).  The non-centrosymmetric entities imply intrinsic optical non-linearity of the second order, confirmed by a strong SHG response. 
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INTRODUCTION Infrared spectral range between 2 and 25 µm is a fingerprint region for optical sensing of chemical species in environmental monitoring, bio-medical applications, industrial process control and security.  Tunable coherent light sources operating within mid-IR range and beyond need a new generation of non-linear optical (NLO) materials for efficient frequency conversion using second harmonic and difference frequency generation (SHG or DFG, respectively).  Metal chalcogenides with a wide energy gap are the most promising materials for NLO applications in this range.1  Cutting-edge technologies and devices need large optical single crystals, fibers and thin films often representing difficulties in synthesis and elaboration.  Versatile glassy materials can be an excellent choice to avoid bottlenecks in practical applications.  Isotropic glasses do not exhibit SHG or DFG because of the presence of inversion symmetry at the macroscopic level, except temporary induced anisotropy under external stimuli (thermal and optical poling, electron beam irradiation).  However, recent reports on glasses with chiral structural motifs show promising permanent NLO properties.2-4  We propose an alternative solution: hybrid molecular/network glasses with non-centrosymmetric HgI2 molecules.  Nevertheless, the first question was whether HgI2 entities are non-centrosymmetric in the melt and respective glasses as solidified supercooled liquids out of thermodynamic equilibrium.  Mercury (II) iodide HgI2 has been extensively studied over the last few decades owing to multiple applications in room-temperature X-ray and gamma-ray detection;5,6 it is particularly useful for flat panel medical imaging technologies.7,8  HgI2 also has promising optical properties9,10 and creates a vivid interest in a fundamental field.11-13  The mercury (II) iodide vapor consists of linear HgI2 triatomic molecules confirmed by gas-phase electron diffraction14,15 and Raman spectroscopy.16-18  Basically, the enhanced stability of the 𝐷∞ℎ symmetry for HgI2 and Group 12 dihalides is related to their electronic structure, relativistic effects and the 𝑑-block (Zn, Cd) or lanthanide (Hg) contraction.11-13  The HgY2 linear molecules, where Y = Cl, Br, I, were considered to be exceptionally rigid as a result of the large relativistic contraction of their 𝑠 orbitals.13  In the solid state, the molecular nature and linearity of mercury (II) iodide are partly broken.  Red HgI2, stable at ambient conditions, and metastable orange polymorphs consist of corner-sharing CS-HgI4/2 tetrahedra.19,20  In the tetragonal red α-HgI2 form, space group 
𝑃42/𝑛𝑛𝑛, the CS-HgI4/2 entities form 2D-layers with a van der Waals interlayer gap of 4.14 Å. Three distinct orange polymorphs consist of corner-sharing CS-Hg4I6I4/2 adamantane-like superstructural tetrahedral units forming either a polytypical layer structure or two interpenetrating diamond-type networks.21,22  Above 400 K, both the stable red and metastable orange forms exhibit a first-order phase transition into molecular yellow form.  The metastable at room temperature yellow polymorph can also be obtained by sublimation and/or from organic solvents.19,20,23  Orthorhombic yellow β-HgI2, space group 𝐶𝑛𝑛21, consists of almost linear triatomic molecules with the I-Hg-I bond angle of 178.3±0.3°.19  This β-polymorph was prepared by sublimation and measured at room temperature.  The crystal structure of β-HgI2 obtained from a saturated mercury (II) iodide solution in 2-chloroethanol at room and elevated temperatures was found to be nearly identical, however, the molecules are linear, ∠I-Hg-I = 180.0±0.4°.23  In contrast, the synchrotron diffraction measurements at 412±2 K have shown a monoclinic version of yellow mercury (II) iodide, β’-HgI2, space group 𝑃21.23  The triatomic molecules are bent in the monoclinic yellow polymorph, ∠I-Hg-I = 160±3°, confirmed also by Raman spectroscopy18 and the second harmonic generation.23  The third yellow polymorph, HgI2-VI, was observed at high pressure 𝑃 ≥ 1.3 GPa both at room and elevated temperatures.20,24  
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3 
The Raman spectroscopy measurements25,26 suggested similar but not identical structure compared to yellow β-HgI2.  Nevertheless, the Bragg peaks above 1.3 GPa became very broad, limiting the structural information that could be extracted.24  The molecular structure of mercury (II) iodide melt is incomplete. The Raman spectroscopy measurements18,27 suggest non-linear HgI2 molecules but the diffraction studies are missing. The main goal of the present contribution is to reveal the atomic structure in liquid mercury (II) iodide following the molecular architecture from the extended framework of a stable solid at low temperatures to a molecular vapor in the high-𝑇 range.  Additionally, we are interested to compare the liquid HgI2 structure with the short and intermediate range order in HgI2-containing sulfide glasses as frozen supercooled liquids bearing in mind their possible applications in non-linear optics.  High energy X-ray scattering, pulsed neutron diffraction and Raman spectroscopy supported by structural and vibrational modeling were used to unveil structural features of the stable liquid and related glassy solids. 
EXPERIMENTAL SECTION 
Glass Preparation.  Commercial mercury (II) iodide (Sigma-Aldrich, 99.999 %) was used without any additional purification.  The high vapor pressure oxide contaminants in elemental arsenic (Cerac, 99.9999 %) were removed by evaporation at 600 K in vacuum.  Sulfur pellets (Acros Organics, 99.999 %) were heated to 400 K under vacuum, then sealed and distilled at 700 K.  The synthesis of As2S3 was carried out in evacuated silica tubes at 1050 K using a rocking furnace before quenching the melt in cold water.  The required proportions of HgI2 and As2S3 for glass synthesis were also sealed in silica tubes and homogenized in a rocking furnace at 1100 K for 24 h.  The melt was then cooled down to 950 K and quenched in air.  The (HgI2)x(As2S3)1-x 
samples were found to be vitreous between 0 ≤ x ≤ 0.2.  A JEOL JSM-7100F thermal field emission scanning electron microscope equipped with EDX Bruker QUANTAX 800 spectrometers was used to check the glass homogeneity and chemical composition.  The results, summarized in Table S1 (Supporting information), confirm that the glasses are uniform and reveal the expected glass composition. 
Diffraction Measurements.  High-energy X-ray diffraction experiments of liquid HgI2 were carried out using BL04B2 beamline28 at Spring-8 (Japan).  The measurements were conducted in a silica tube (3 mm OD, 2 mm ID) using a furnace.  The X-ray energy was 113 keV, providing data at 𝑄 values up to 30 Å-1 in a one-dimensional scanning mode using a Ge-detector.  The empty silica tube was also measured and used for background intensity subtraction.  Further data analysis included absorption, Compton scattering and polarization corrections using standard procedures28 giving the total X-ray structure factor 𝑆𝑋(𝑄). The HgI2-As2S3 glasses were measured using time-of-flight neutron diffraction at the ISIS spallation neutron source (Rutherford-Appleton Laboratory, UK) and high-energy X-ray diffraction at the Advanced Photon Source (Argonne National Laboratory, USA).  The GEM diffractometer29 at ISIS provides diffraction data over an extended range in reciprocal space up to 50 Å-1, leading to a high resolution in real space.  The neutron diffraction data corrected30 for background and container scattering, self-attenuation, multiple scattering, and inelasticity (Placzek) effects to obtain the total neutron structure factor 𝑆𝑁(𝑄).  High-energy X-ray diffraction experiments of glasses were conducted at the 6-ID-D beamline.31  The X-ray energy 
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was 100 keV, providing data at 𝑄 values up to 30 Å−1.  A 2D setup was used for data collection with a Perkin Elmer model 1621 X-ray area detector.  The two-dimensional diffraction patterns were reduced using the Fit2D32 software.  The measured background intensity was subtracted, and corrections were made for the different detector geometries and efficiencies, sample self-attenuation, and Compton scattering using standard procedures33 providing the 𝑆𝑋(𝑄).  
Raman Spectroscopy Measurements.  Raman spectra were collected at room temperature using a LabRam HR spectrometer (Jobin Yvon Horiba Group) equipped with a triple monochromator, liquid nitrogen cooled CCD detector and a microscope.  Raman scattering was excited by a 632.8 nm He-Ne laser and recorded in the 80–850 cm−1 spectral range, reliable data are above 100 cm−1.  To avoid crystallization of the glassy samples, the laser power was set to 0.1 mW and the acquisition time was 60 to 300 s.  Two to three spectra were registered for each sample at different positions to verify the sample homogeneity and the absence of photo-induced phenomena.  The spectrometer resolution was 1 cm−1. 
Empirical Potential Structure Refinement (EPSR) Modeling.  Empirical Potential Structure Refinement34-36 was used to create a structural model which is consistent with the measured diffraction data.  The EPSR method is based on conventional Monte Carlo algorithm which uses the scattering data to generate an empirical potential.  The empirical potential perturbs the starting reference Lennard-Jones potential in a manner that the simulated structure reproduces the experimental measurements as closely as possible.  The EPSR simulation box for liquid HgI2 was set up as a cubic box of 66.11 Å side length containing 2000 HgI2 molecules at an atomic density of 0.02067 atoms Å-3, corresponding to the experimental number density at 545 K.  The Lennard-Jones potential well depth ε = 1.0 kJ mol-1 and length σ = 3.0 Å were used as starting parameters for both mercury and iodine.  First, the random mixture of molecules was equilibrated at 545 K using the reference potential alone.  Then, the empirical potential was introduced to begin the refinement against the X-ray data until the internal energy stabilization. The final atomistic configuration was obtained after minimizing the fitting factor between experimental and simulated structure factors.  When an appropriate fit to the experimental data was reached, the statistics of the simulation was accumulated for thousands of iterations.  The simulated intermolecular and intramolecular partial pair distribution functions, as well as bond angle distribution and intramolecular distances were extracted from the final optimized configuration. 
DFT Modeling.  The DFT calculations have been carried out using Gaussian 16 software.37  In order to find a compromise between the cost of the calculations and the accuracy of the results, structural optimization and harmonic vibrational frequency calculations were performed for size-limited clusters.  The DFT calculations were carried out with the Becke38 three parameters hybrid exchange functional and the Lee–Yang–Parr correlation functional (B3LYP).39  The small-core relativistic pseudo-potential basis set (cc-pVTZ-PP)40 and the effective core potentials available in the Environment Molecular Science Library41 were employed for cluster geometry optimization and Raman intensity calculations.  All the structures were optimized using the tight convergence option ensuring adequate convergence and reliability of computed wave numbers. 
Second Harmonic Generation (SHG) Measurements.  The SHG was measured by the powder method.42  A femtosecond laser Mira Optima 900-D (Coherent) with acousto-optic modulator Pulse Switch in cavity dumping operation mode was used for exciting a SHG in the samples.  The 
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pulse frequency was 200 kHz and the pulse duration 150 fs.  The beam energy on the samples was about 20 nJ.  
RESULTS AND DISCUSSION 
Liquid Mercury (II) Iodide: Diffraction Results.  The X-ray structure factor 𝑆𝑋(𝑄) of liquid mercury (II) iodide measured at 545 K, just above the melting point at 532 K, is shown in Fig. 1. We note a small First Sharp Diffraction Peak (FSDP) at 𝑄0 = 0.97±0.02 Å-1, quite narrow principal peak at 1.71 Å-1 and distinct oscillations over a wide 𝑄-range up to 25 Å-1.  A Voigt function was used to approximate the background underneath the FSDP,43,44 allowing the subtraction and analysis.  The isolated FSDP is shown in the inset of Fig. 1(b). The observed FSDP reflects intermediate range ordering of HgI2 molecules in the melt at a characteristic periodicity 𝐿0 ≅ 2𝜋/𝑄0 = 6.5±0.2 Å.  The derived periodicity 𝐿0 is comparable with the average intermolecular separation, 2𝑟𝑊𝑊 = 6.51 Å, estimated from the density and chemical composition using a Wigner-Seitz type equation, 𝑟𝑊𝑊 = �(3/4𝜋)𝑉𝑚𝑁𝐴−13 , where 𝑉𝑚 is the molar volume of liquid HgI2 and 𝑁𝐴 the Avogadro constant. 
Figure 1.  High-energy X-ray structure factor 
𝑆𝑋(𝑄) for liquid HgI2 at 545 K: (a) the entire 𝑄-range, (b) the low-𝑄 region; the solid blue line: experiment, the dashed magenta line: Empirical Potential Structure Refinement (EPSR) modeling. The inset shows the isolated First Sharp Diffraction Peak (FSDP) centered at 𝑄0 = 0.97±0.02 Å-1. 
Figure 2.  X-ray total correlation functions for (a) liquid HgI2 at 545 K and (b) the yellow orthorhombic HgI2 polymorph,23 consisting of linear HgI2 monomers.  The intramolecular separation distances Hg-I and I-I are shown in red.  The intermolecular Hg-Hg, Hg-I and I-I contacts for β-HgI2 are highlighted in brown, green and yellow, respectively. 
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The X-ray total correlation function 𝑇𝑋(𝑟) derived through the usual Fourier transform using a Lorch window function45 is shown in Fig. 2(a).  The peak at 2.62 Å corresponds to Hg-I first neighbors.  Both the shortest intramolecular distance and the Hg-I local coordination, 𝑁Hg−I = 2, reflect the molecular nature of the melt consisting of triatomic HgI2 monomers.  In orthorhombic yellow polymorphs,19,23 the Hg-I intramolecular separations, 2.623±0.007 Å, are very close to the derived value in contrast to the Hg-I first neighbor distances in tetragonal red α-HgI2, 2.783±0.003 Å.19  A broad asymmetric peak at 4.3 Å corresponds to closest intermolecular contacts.  A very important structural feature appears at ≈5.15 Å.  This peak is related to I−I intramolecular separations directly indicating that the HgI2 monomers are bent; the bond angle 
∠I−Hg−I ≈ 159°.  The Hg−I, Hg−Hg and I−I partials of the orthorhombic yellow polymorph,23 calculated from the corresponding cif file using the XTAL program,46 Fig. 2(b), are consistent with the above conclusions. 
Liquid Mercury (II) Iodide: EPSR Modeling.  The EPSR simulation box containing 2000 HgI2 molecules is shown in Fig 3(a).  The simulated X-ray structure factor 𝑆𝑋(𝑄) and total correlation function 𝑇𝑋(𝑟) appear to be very close to the experimental counterparts hardly distinguishable in Figs. 1(a) and 2(a), where the two data sets are plotted together.  The EPSR modeling confirms a non-linearity of the molecular entities. Figure 3(b) shows the derived bond angle distribution centered at ∠I−Hg−I = 156±2°. 
Figure 3.  EPSR modeling of liquid mercury (II) iodide: (a) the simulation box containing 2000 HgI2 molecules; the box size corresponds to the experimental number density at 545 K; the derived (b) 
∠I−Hg−I bond angle distribution 𝐵(𝜃), and (c) Hg-I intramolecular distances.  The inset in Fig. 3(b) shows typical geometry of the bent HgI2 molecules. The calculated EPSR partials in 𝑄- and 𝑟-space are shown in Fig 4.  We note the absence of a well-defined FSDP for the partial structure factors suggesting the intermediate range ordering in molten HgI2 is related to the entire molecule with a small preference for the Hg-Hg atomic pairs. The comparison of intermolecular correlation functions 𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑟) for liquid and orthorhombicmercury (II) iodide, Fig. 5, shows unexpected behavior of the 𝑇Hg−I𝑖𝑖𝑖𝑖𝑖(𝑟) partials.  In contrast to the Hg−Hg and I−I atomic pairs, which exhibit usual thermal broadening with increasing 
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temperature and melting without changing the position of the maximum, 𝑟𝑖𝑖𝑚𝑚𝑚, for a distributionof distances, the intermolecular Hg−I correlations in the melt show a significant shift to higher distances, ∆𝑟Hg−I𝑚𝑚𝑚 = 0.8 Å, from the β-HgI2 value, 𝑟Hg−I𝑚𝑚𝑚(β-HgI2) = 3.518±0.012 Å,19,23 to 𝑟Hg−I𝑚𝑚𝑚(L-HgI2) ≈ 4.3 Å.  As a result, the Hg-I intermolecular distance in the melt appears to be comparable with the sum of the van der Waals radii for mercury, 𝑟𝑣𝑣𝑊(Hg) = 2.05 Å, and iodine, 𝑟𝑣𝑣𝑊(I) = 2.10 Å.47  In other words, molten HgI2 seems to be a van der Waals liquid; all three types of intermolecular separations (Hg−Hg, Hg−I and I−I) are similar to the van der Waals distances, 
𝑟𝑣𝑣𝑊(𝑖) + 𝑟𝑣𝑣𝑊(𝑗).  The observed high-𝑟 shift of the Hg−I intermolecular correlations is also consistent with the Raman results for β-HgI2 upon melting,18 suggesting weakening of intermolecular coupling and strengthening of the mercury-iodine bond. 
Figure 4.  The derived partial functions for liquid HgI2 at 545 K: (a) the partial structure factors 
𝑆𝑖𝑖(𝑄), (b) the intramolecular and (c) intermolecular pair-distribution functions 𝑔𝑖𝑖(𝑟).  The contributions from Hg-Hg, Hg-I and I-I atomic pairs are high-lighted in brown, green and orange, respectively. 
Figure 5.  The derived color-coded intermolecular partial correlation functions 𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑟) for liquid mercury (II) iodide at 545 K and yellow orthorhombic β-HgI2:23 (a) Hg-Hg (brown), (b) Hg-I (green), and (c) I-I (orange) atomic pairs.  The partials for β-HgI2 were calculated using XTAL code.46 
HgI2-As2S3 Glasses: Diffraction Results.  Bent HgI2 molecules present in the melt can be frozen in an HgI2-contaning glass as solidified supercooled liquid out of thermodynamic equilibrium.  In order to verify this possibility, we have studied HgI2-As2S3 glasses.48,49  The synthesized (HgI2)x(As2S3)1-x vitreous alloys, 0 ≤ x ≤ 0.2, were measured using high-energy X-ray scattering, pulsed neutron diffraction and Raman spectroscopy.  Their basic characterization was reported earlier.49 
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Typical X-ray 𝑆𝑋(𝑄) and neutron 𝑆𝑁(𝑄) structure factors of HgI2-As2S3 glasses are shown in Fig. 6. Compared to vitreous As2S3, the HgI2-contaning glassy alloys are characterized by smalleramplitude of oscillations at 𝑄 < 12 Å-1, except for the principal peak at 𝑄1 ≈ 2.3 Å-1, strongly diminished FSDP at 𝑄0 ≈ 1.25 Å-1, and a significant broadening of the first peaks in 𝑆𝑋(𝑄) and 
𝑆𝑁(𝑄) together with their shift to lower scattering vectors.  The most changes in 𝑆(𝑄) are directly related to the presence of HgI2 in the glass, as it is shown in Fig. S1 (Supporting information) comparing the 𝑆𝑋(𝑄) of liquid mercury (II) iodide and the structure factors of glasses.  
Figure 6.  Diffraction studies of (HgI2)x(As2S3)1-x glasses, 𝑄-space. X-ray structure factors 𝑆𝑋(𝑄) over (a) limited and (b) extended 𝑄-range; neutron structure factors 𝑆𝑁(𝑄) over (c) limited and (d) extended 𝑄-range; First Sharp Diffraction Peak (FSDP): (e) compositional dependence of the FSDP amplitude, isolated FSDP in (f) neutron and (g) X-ray diffraction data. The color-coded numbers indicate the mercury iodide fraction in the glass. The dramatic decrease of the FSDP, Fig. 6(e-g), is related to glass fragmentation, also evidenced by a decrease of the glass transition temperatures from 471 K (x = 0) to 412 K (x = 0.2)49 and observed in many metal chalcogenide and chalcohalide systems.50-53  In contrast to molecular liquids, the FSDP in network glasses reflects mostly the ring statistics54,55 and the FSDP amplitude correlates with population of rings.43,56  Mercury (II) iodide additions are effectively destroying the intermediate range ordering in glassy As2S3 and transforming the continuous glass network into a patchwork of non- or weakly bonded structural fragments.  A linear decrease of the FSDP amplitude 𝐴0(𝑥), Fig. 6(e), to the limit of 𝐴0(𝑥) = 0, indicates that the intermediate range order characteristic of g-As2S3 disappears at 𝑥𝑐 = 0.55±0.15. The derived X-ray 𝑇𝑋(𝑟) and neutron 𝑇𝑁(𝑟) total correlation functions of the (HgI2)x(As2S3)1-x glasses are shown in Fig. 7.  The first peak at 2.27 Å corresponds to As-S nearest neighbors forming AsS3/2 pyramidal units in glassy As2S3.53,57-59  The amplitude of this peak decreases and a new peak at 2.62 Å emerges and grows with increasing x.  The second peak is related to Hg-I first neighbors similar to that in liquid mercury (II) iodide, Fig. 2(a).  Drastically different peak areas in the X-ray and neutron data of the x = 0.2 glass are consistent with this assignment since 
𝑤Hg−I
𝑁 /𝑤As−S𝑁  = 0.0745 and 〈𝑤Hg−I𝑋 〉/〈𝑤As−S𝑋 〉 = 0.316, where 𝑤𝑖𝑖𝑁 and 〈𝑤𝑖𝑖𝑋〉 are the neutron and X-
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ray weighting factors.  The angle brackets for the X-ray weightings denote averaging of the 𝑄-dependent 𝑤𝑖𝑖𝑋(𝑄) parameters.  The broad slightly asymmetric peak at ≈3.5 Å corresponds to second neighbors, and more distant correlations, 𝑟 > 4 Å, reflect changes in the intermediate range ordering.  We note a nearly flat high-𝑟 range in the x = 0.2 glass, confirming a progressive disappearance of the distinct intermediate range structure for g-As2S3. 
Figure 7.  (a) X-ray 𝑇𝑋(𝑟) and (b) neutron 𝑇𝑁(𝑟) total correlation functions of (HgI2)x(As2S3)1-x glasses, the color-coded numbers indicate the mercury iodide fraction in the glass; (c) fitting the 𝑇𝑋(𝑟) and 𝑇𝑁(𝑟) functions of the x = 0.2 glass; the As-S and Hg-I first neighbor correlations are highlighted in red and green, respectively; undefined short second neighbor contacts are shown in blue.  Fitting the derived 𝑇𝑋(𝑟) and 𝑇𝑁(𝑟) functions confirms the trigonal arsenic coordination by sulfur and two-fold coordinated mercury species with iodine nearest neighbors (Table 1).  However, the linear or bent character of HgI2 molecules in glasses cannot be identified without atomistic modeling.  The I-I intramolecular correlations are not clearly recognizable in both 
𝑇𝑋(𝑟) and 𝑇𝑁(𝑟). 
Table 1.  First neighbor distances 𝒓𝒊𝒊 and local coordination numbers 𝑵𝒊𝒊 for As-S and Hg-I atomic 
pairs in HgI2-As2S3 glasses. HgI2 fraction 𝑟As−S (Å) 𝑁As−S 𝑟Hg−I (Å) 𝑁Hg−I Neutron diffraction 0.0 2.27(1) 2.95(10) − − 0.2 2.28(1) 2.98(10) 2.62(1) 1.96(10) High-energy X-ray diffraction 0.0 2.27(1) 2.94(10) − − 0.1 2.27(1) 3.02(10) 2.61(1) 1.95(10) 0.2 2.27(1) 2.96(10) 2.62(1) 2.03(10) The mean square deviations of the derived parameters are shown in parentheses. We should also note short second neighbor correlations at ≈3.05 Å, highlighted in Fig. 7(c) in blue.  They seem to be related to mercury since more visible in the X-ray data. 
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HgI2-As2S3 Glasses: Raman Studies and DFT Modeling of the Spectra.  Typical Raman spectra of the (HgI2)x(As2S3)1-x glasses are shown in Fig. 8 taking the end members, x = 0 and x = 0.2, as an example.  Glassy As2S3 shows usual broad asymmetric spectral envelope centered at 340 cm-1 and corresponding to multiple As-S stretching vibrations.60-63  In addition to the main spectroscopic feature, weak S-S and As-As stretching modes appear to be visible at 490 and 235 cm-1, indicating a small chemical disorder in stoichiometric As2S3, 2-3 % according to Ref. [64,65].  Low-intensity bending and deformation vibrations are observed below 200 cm-1. 
Figure 8.  Typical Raman spectra of (HgI2)x(As2S3)1-x vitreous alloys: (1) x = 0 or glassy As2S3, (2) x = 0.2, and (3) metastable yellow β-HgI2 at room temperature.  The spectra are normalized to the most intense mode. 
Figure 9.  DFT modeling of an interacting system consisting of (a) AsS3 pyramid and HgI2 monomer; (b) the DFT Raman spectrum.  The terminal H-species for the AsS3 cluster are omitted and the H-related vibrations are removed from the spectrum. New low-frequency features appear and grow with increasing x in the (HgI2)x(As2S3)1-x glasses. The most intense mode at 143 cm-1 corresponds to symmetric Hg-I stretching similar to the 𝜈1 (Σ𝑔+) fundamental in yellow mercury (II) iodide (137 cm-1 at room temperature26) and triatomic molecules in the vapor phase (157 cm-1 at 728 K18).  The Raman spectrum of the obtained metastable β-HgI2 at room temperature is also shown in Fig 8, consistent with the reported results.16-18,25-27  The DFT modeling reproduces well both the Raman and infrared spectra of the isolated monomer as well as the geometry of the linear HgI2 triatomic molecule, Fig. S2 and Table S2 (Supporting information).  Only the 𝜈1 (Σ𝑔+) symmetric Hg-I stretching is Raman-active for the linear monomer of the 𝐷∞ℎ symmetry, confirmed by the Raman data for metastable yellow β-HgI2.  Two additional low-frequency Raman modes are observed in the spectra of glasses, also increasing with x.  The feature at 212 cm-1 is reminiscent of asymmetric Hg-I stretching, which is only IR-active in the linear triatomic molecule, Fig. S2 (Supporting information).  Nevertheless, 
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11 
this mode is both IR- and Raman-active in the bent HgI2 entities of the 𝐶2𝑣 symmetry.18,27  The asymmetric Hg-I stretching frequency changes from ≈200 cm-1 in the yellow beta-form to 237 cm-1 in the vapor.18,25-27  However, the DFT modeling using relativistic pseudo-potentials shows a remarkable rigidity of the isolated linear HgI2 molecule; the energy increases rapidly on molecule bending, Fig. S3 (Supporting information), in accordance with similar DFT calculations.13,66,67  We should note that the HgI2 molecules are not isolated in a glassy matrix experiencing at least van der Waals interactions and giving rise to the network fragmentation.  Our previous DFT modeling68 of the vibrational properties in Se-Te glasses has shown a significant role of interchain interactions on the geometry and vibration modes of DFT clusters.  Similar approach has been used here.  As a result, for an interacting system consisting of AsS3 pyramid and HgI2 monomer, the final optimized DFT configuration yields a bent HgI2 molecule, ∠I−Hg−I = 163°, Fig. 9(a) and Table S3 (Supporting information).  The corresponding DFT Raman spectrum reproduces well the experimental glass data, Fig. 9(b), including also the third low-frequency feature at 180 cm-1, related to symmetric As-S bending (umbrella movement) of the interacting AsS3 pyramid.  The interactions between AsS3 pyramid and HgI2 monomer are stronger than expected van der Waals forces.  The final optimized Hg-S intermolecular distance, 3.04 Å, appears to be intermediate between the sum of the van der Waals radii,47 𝑟𝑣𝑣𝑊(Hg) + 𝑟𝑣𝑣𝑊(S) = 3.85 Å and the interatomic distances in binary crystalline mercury sulfides69,70 or mercury thioarsenate and thiogermanate glasses,53,71 2.30 Å ≤ 𝑟Hg−S ≤ 2.54 Å.  These rather short intermolecular Hg-S distances might possibly be responsible for the observed but not yet identified second neighbor correlations at ≈3.05 Å both in the neutron and X-ray diffraction data, Fig. 7(c).  In this case, the average Hg-S coordination number is 𝑁Hg−S ≈ 1.  In other words, each HgI2 molecule is weakly bonded to one AsS3 pyramid implying that all As-related units will be connected to mercury (II) iodide monomers at 𝑥𝑐 = ⅔.  The estimated critical concentration 𝑥𝑐 is consistent with that related to a complete disappearance of the intermediate range order in the glassy As2S3 host, Fig 6(e).  We also note that similar local structure was found recently for coordination adduct HgI2⋅As4S4 consisting of undistorted As4S4 cages and bent HgI2 molecules, ∠I−Hg−I = 165.9°.72  Two different Hg-S intermolecular distances in HgI2⋅As4S4 were found to be 2.984 Å and 3.236 Å. 
Second Harmonic Generation (SHG) in Glasses.  The bent HgI2 molecules are also non-centrosymmetric raising a question of intrinsic optical non-linearity of the second order, extremely rare in glasses.1-4  Homogeneous vitreous alloys usually do not show non-linear optical phenomena of the second order as the second harmonic generation (SHG) or difference frequency generation (DFG) due to the macroscopically present inversion center.  A specific treatment (thermal or optical poling, electron beam irradiation, etc.) is generally used to create the induced optical anisotropy in a glass and allow the SHG or DFG responses, see Ref. [73] for further details.  Nevertheless, glassy alkali selenophosphates with chiral polymeric chains were found to exhibit a strong SHG signal without any preliminary treatment.1-4  Similar results were obtained for HgI2-containing sulfide glasses (Fig. 10) and a detailed description of the observed phenomenon will be published elsewhere.   
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Figure 10.  Typical second harmonic generation in a glass with bent HgI2 molecules (the red solid lines) in comparison with a standard non-linear optical crystal LiNbO3 (the blue solid lines).  A detailed report will be published elsewhere. The intrinsic SHG response was only observed for glasses with bent HgI2 molecules embedded in a glass network, and this response was found to be proportional to the HgI2 content (Fig. S4, Supporting information).  The SHG measurements as a function of the average glass particle size 
〈𝑟〉, Fig. S5 (Supporting information), have also shown that the SHG amplitude 𝐼(2𝜔) decreases with increasing 〈𝑟〉, roughly following 𝐼(2𝜔) ∝ 〈𝑟〉−1.  This behavior is typical for NPM materials when 〈𝑟〉 ≫ 𝜆𝑐,42 where NPM stands for nonphase-matchability and 𝜆𝑐 is the average coherence length.74  Consequently, the mercury (II) iodide glasses are not phase-matchable in the studied spectral region, which is close to their fundamental optical absorption edge 𝐸𝑔 for the SHG frequency 2𝜔.  As a result, the average coherence length, 𝜆𝑐 = 𝜆/2(𝑛2𝜔 − 𝑛𝜔),74 appears to be very small, 𝜆𝑐 ≲ 1 µm, where 𝜆 is the excitation wavelength (750 to 890 nm) and the difference of the refractive indices 𝑛2𝜔 − 𝑛𝜔 ≈ 0.4, when 2𝜔 arises in the vicinity of 𝐸𝑔.  However, the phase-matchability strongly depends on the wavelength,1,74 and the glasses can be phase-matchable at longer 𝜆 in the mid-IR range. The non-centrosymmetric geometry of bent HgI2 monomers in a glass network is insufficient for the intrinsic SHG response.  Our working hypothesis is based on assumption that orientation of the HgI2 molecules in a glass is non-random within certain mesoscopic domains ensuring a macroscopic SHG effect.  A schematic representation of the two extremes in orientation of the bent HgI2 molecules is shown in Fig. 11.  The macroscopic SHG effect will vanish for a totally random orientation, Fig. 11(a).  On the contrary, the geometric superposition of microscopic second order susceptibility of bent HgI2 molecules in case of preferential molecular orientation within a mesoscopic domain, Fig. 11(b), possibly having a characteristic size of several tens of nanometers, yields a non-zero macroscopic SHG effect, observed experimentally.  Similar structural hypothesis was proposed for glassy alkali selenophosphates, where non-centrosymmetric nature of the basic building blocks with chiral helices of [P2Se62−]∞1  is largely preserved in the glassy phase on a reduced scale, ensuring a strong SHG response.1,2 
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Figure 11.  A schematic representation of the two extremes in orientation of the bent HgI2 molecules in a sulfide glass: (a) the entirely random orientation when the macroscopic SHG effect will vanish, (b) a non-random orientation within mesoscopic domains when the geometric superposition of microscopic second order susceptibility of HgI2 molecules yields a non-zero SHG response observed experimentally. In order to verify our assumption, we are planning small-angle neutron scattering and anomalous small-angle X-ray scattering in the vicinity of the Hg LIII (12284 eV) and I K (33169 eV) absorption edges to find experimental evidence of the suggested preferential orientation.  The observed intrinsic SHG implies further studies of HgI2-contaning glasses promising for a wide range of optical applications in different fields. 
CONCLUSIONS High energy X-ray diffraction of molten mercury (II) iodide supported by EPSR modeling have shown that the liquid phase is formed by bent HgI2 molecules, the bond angle ∠I−Hg−I = 156±2°, filling the gap in the molecular architecture of mercury (II) iodide from a low temperature network solid to a high temperature molecular vapor.  Molten HgI2 appears to be a van der Waals liquid when all three types of intermolecular correlations are consistent with the sum of the respective van der Waals radii. High energy X-ray scattering, pulsed neutron diffraction and Raman spectroscopy of HgI2-As2S3 glasses supported by DFT modeling of the vibrational properties have shown that the atomic structure of these solidified supercooled HgI2-containing liquids also consists of the bent HgI2 molecules interacting with AsS3 pyramidal units.  The non-centrosymmetric HgI2 entities in hybrid molecular/network glasses open a possibility to design new amorphous optical materials with intrinsic non-linearity of the second order evidenced by the second harmonic generation.  Unlimited ability of glasses to be modified with corresponding change in the glass composition, structure and properties, expand perspectives for understanding the fundamental origin of NLO phenomena in isotropic media and in synthesizing new materials with superior NLO properties. 
ASSOCIATED CONTENT 
Supporting Information Comparison of the X-ray structure factors for (HgI2)x(As2S3)1-x glasses and liquid HgI2; DFT Raman and IR spectra of the linear triatomic HgI2 cluster; relative energy of the HgI2 cluster as a 
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function of the bond angle ∠I−Hg−I; the SHG amplitude as a function of the HgI2 content in a glass; the SHG amplitude as a function of the average glass particle size; chemical composition of a (HgI2)0.2(As2S3)0.8 glass sample; geometric parameters and DFT vibrational spectra of the isolated HgI2 molecule optimized using relativistic pseudo-potentials; geometric parameters of the DFT optimized interacting system consisting of AsS3H2 pyramid and HgI2 monomer. 
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